We report a unique case of a gene containing three homologous and contiguous repeat sequences, each of which, after excision, cloning, and expression in Escherichia coli, is shown to code for a peptide catalyzing the same reaction as the native protein, Gonyaulax polyedra luciferase (M r ‫؍‬ 137). This enzyme, which catalyzes the light-emitting oxidation of a linear tetrapyrrole (dinof lagellate luciferin), exhibits no sequence similarities to other luciferases in databases. Sequence analysis also reveals an unusual evolutionary feature of this gene: synonymous substitutions are strongly constrained in the central regions of each of the repeated coding sequences.
MATERIALS AND METHODS
Isolation of the Full-Length lcf cDNA Clone. A Gonyaulax polyedra cDNA library (-ZAP II phagemid) was screened with a fluorescein-labeled (DuPont͞NEN) partial lcf cDNA probe. After the first screening, the positive plaques were further identified through a PCR using a lcf-specific primer P1, located at the 5Ј end of the reported partial lcf cDNA (pYB143) (12) , and primer T3, located at the 5Ј side of the cloning site on the vector. Plaques with positive PCR bands were further purified and subsequently in vivo excised according the manufacturer's protocol (Stratagene). The clone with the longest insert (4.0 kb) was completely sequenced and named as pBS:LCF.
Expression of LCF as Glutathione S-Transferase (GST) Fusion Proteins. LCF cDNA fragments with various lengths were generated using convenient restriction enzyme digestions and subsequently cloned in-frame with the GST expression plasmid, pGEX:3X (Pharmacia). Escherichia coli cells (JM109) containing GST-LCF expression plasmids were grown overnight at 23°C in 2YT-G medium (Pharmacia) supplemented with 100 g͞ml of ampicillin. The overnight culture was diluted 10 times in fresh 2YT-G medium supplemented with ampicillin (100 g͞ml) and grown for 3 h. Isopropyl ␤-D-thiogalactoside was added to a final concentration of 0.1 mM, and the cells were allowed to grow for additional 3 h before harvest. Extraction, purification, and elution of GST-LCF were performed according the manufacturer's protocol (Pharmacia).
LCF Activity Assay. LCF was assayed as before (12) by rapidly mixing purified GST-LCF and dinoflagellate luciferin with 1.5 ml of 0.1 M sodium citrate (pH 6.3) in a vial placed in a light tight chamber of a photometer (13) .
Sequence Analysis. The complete lcf cDNA sequence was compared with the current DNA databases (GenBank, EMBL, DDBJ, and PDB) to identify any homologous sequences in the databases. For the peptide sequence alignment of the N-terminal regions of LCF and LBP, the BLAST PAM 240 program was used.
RESULTS AND DISCUSSION
The complete nucleotide sequence and deduced amino acid sequence for the full-length LCF cDNA clone (pBS:LCF) are shown in Fig. 1 . Confirming data obtained from the partial sequence (12) , the codon usage in the third position is highly biased (82.5% G or C). A large ORF within the cDNA gives a polypeptide product with a molecular weight of 136,799 Da, consistent with previously reported values of Ϸ130-135 kDa for LCF (6, 14) . The sequences of two LCF peptides previously obtained by trypsin digestion of purified G. polyedra LCF (D. Morse and J.W.H., unpublished work) are found within this ORF (underlined in Fig. 1 ).
Two homologous regions, 796 and 793 nt long, separated by 332 nt, were previously reported in the coding region of the 2.4-kb partial cDNA of lcf, and a partial lcf cDNA clone, pYB144, containing a 1.6-kb insert, was shown to produce an enzymatically active protein when expressed in E. coli (12) . Analysis of the full-length cDNA sequence now reveals a third repeat region, and allows us to see that there are no linker nucleotides between the repeats (Fig. 1) , as had been previously thought. The three tandem repeats comprise more than 90% of the coding region, with 1,131, 1,131, and 1,128 nt for repeats 1, 2, and 3, respectively.
Four cDNA fragments coding for the three individual domains of LCF (D1, D2, and D3) were cloned in frame with the GST expression vectors pGEX:3X or pGEX:2T (Pharmacia). We also cloned the full-length lcf and the pYB144 insert into the same expression vector. The resulting expression constructs are named pLLa (full-length lcf ), pLLb (D1), pLLc (pYB144; D3), pLLd (D2), and pLLe (D3). The positions and sizes of the peptides corresponding to each of the lcf cDNA fragments are indicated in Fig. 2A . The identity of each expression construct was confirmed by sequence analysis. E. coli cells containing the above expression constructs were grown and induced to produce the different fusion proteins, and their LCF activities were determined. The proteins obtained were of the expected sizes and not noticeably degraded (Fig. 2B ). All were active in the LCF assays (Fig. 3) , indicating that each of the repeat regions of LCF possesses a functional catalytic site for the same biochemical reaction. Expression, isolation, and assays were repeated on three separate sets of experiments for all five constructs, with consistent results; the averages for each of the three runs are shown for each construct.
Our research shows a fully documented example of a single polypeptide that contains more than two functional and homologous domains catalyzing the same biochemical reaction. Possible cases include creatine kinase from sperm flagella of the sea urchin (Strongylocentrotus purpuratus), which is a M r 145 protein having three apparently homologous regions (15) ; these could be catalytic domains, but their individual activities were not determined. Also, the cDNA of a polysaccharide hydrolase encodes three multi-functional catalytic domains, each with three different enzymatic activities (16) , but no sequence data were provided.
One possible advantage to having three catalytic domains in a single molecule of LCF, instead of three LCF molecules with only one catalytic domain, is to reduce the number of LCF molecules in a scintillon, and hence reduce its colloidal osmotic pressure. Dinof lagellate scintillons are known as ''dense bodies'' (4, 17), containing high concentrations of the protein components required for light emission. The concentrations of LBP and LCF in scintillons, calculated based on the values reported by Desjardins and Morse (6) are about about 20 mM for LBP and 5 mM for LCF. The values used were 5 mg of LBP and 2 mg of LCF in 10 8 G. polyedra cells, and 3 l for the total volume of scintillons in 10 8 cells (18) .
Searches in the current databases revealed no sequences that are significantly homologous to lcf cDNA, except for its N-terminal region (amino acids 4-103), which has 50% identity with the N-terminal domain of LBP (19) (amino acids 6-105; Fig. 4A ). This suggests that the N-terminal regions of LCF and LBP serve a similar function. The possibility that this constitutes a signal peptide is not supported by an evaluation of hydrophobicity in relation to sequence and, in fact, LCF and LBP do not appear to transit a membrane in the formation of the scintillons (4). Also, it seems unlikely that this sequence involves substrate binding or the light emitting reaction, because as shown in Fig. 3 and earlier (12) , LCF peptides synthesized from clones lacking this domain are capable of catalyzing light emission in the presence of luciferin. It is possible that this region is involved in the interaction of the two proteins, or in their association with the vacuolar membranes. Immunolocalization studies have shown that LBP and LCF aggregate in the cytoplasm before migrating to the vacuolar membrane to form scintillons (4). It is also possible that the N-terminal domain harbors a signal for degradation. Both LBP and LCF, which are synthesized during the early night phase, are indeed rapidly degraded at the end of night phase (20), 
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All five constructs were expressed and the proteins isolated in three separate runs; the average specific LCF activity values are shown for each of those runs. LCF activity assays were carried out as described; at least five measurements were made for each preparation, and the averages of initial maximum intensity were used for specific activity calculation (units, quanta⅐sec Ϫ1 ⅐mol protein Ϫ1 ). Protein concentration of each GST-LCF was determined by Coomassie blue-stained SDS͞PAGE; optical densities of bands were determined using NIH IMAGE (version 1.60). Purified BSA (Calbiochem) was used as a standard and loaded onto the same gel in a series of known concentrations. (21) is a probable mechanism for the existence of homologous N-terminal regions in LCF and LBP. Such a mechanism is generally considered to require the presence of introns (22), but sequencing of the corresponding genomic DNA indicates that this LCF gene, like lbp (19) , contains no introns. It is possible that this gene had introns at an earlier time, but that these have been lost during evolution.
Indeed, certain structural features of the gene are unique with regard to its evolutionary status. The aligned amino acid sequences of the three repeat domains (D1, D2, and D3) are shown in Fig. 4B . Considering the full length of the repeats, the sequence identities are 75% for D1 and D2, 75% for D1 and D3, and 80% for D2 and D3, whereas the corresponding nucleotide identities are 74%, 74%, and 78%, respectively. The boundary regions, though clearly homologous, possess numerous amino acid differences, indicating that the triplication is not recent. In contrast, the nucleotide sequences are highly conserved in the central regions of the three repeats, which represent 39% of the domains. In a 437-nt stretch (nucleotides 742-1,179, 1,873-2,310, and 3,001-3,438 ) the sequences are 92% identical among the three regions. This is consistent with the presumption that the central region codes for the catalytic active site.
However, synonymous substitutions in this highly conserved region, which would not alter amino acids, are also constrained. As shown in Table 1 , there are 130 conserved amino acids in the central region and, for the repeats, 106 of them have identical codons (82%), whereas in the boundary region only 53 of the 126 conserved amino acids (42%) have identical codons. The corresponding synonymous substitution rate is 8% for the central region (25 synonymous substitutions out of a possible 310) and 30% for the boundary region (87 synonymous substitutions out of a possible 286). This nearly 4-fold difference cannot be attributed to a bias in the amino acid usage because the amino acid composition is similar in the two regions (Table 1) . Codon bias is also not the factor responsible, because the conserved amino acids that have identical codons in the boundary regions use the biased codon in almost all cases (one CTG is used for leucine and one AGC is used for serine), while many other unbiased codons are used in the central region (Table 1) . Our research shows an example of such nucleotide conservation in sequences that code for protein.
Possible explanations for such unusual constraint in synonymous substitutions in the central region of the repeats include (i) the duplication events were recent, but conditions were such that there were unusually rapid base substitutions in the boundary regions of the repeats; (ii) the duplication events were not recent, but lcf RNA (or DNA) serves some function other than coding for LCF, which has restrained silent nucleotide substitutions; and (iii) the homogeneity of nucleotide sequences in the central regions among the three repeats was generated subsequent to the duplication events by a process similar to gene conversion (21) . This last possibility is favored because there are at least two, and probably many, copies of this gene (L.L. and J.W.H., unpublished work), as has also been reported for lbp (19) . Synonymous substitution constraint in the central region of the repeats. The conserved amino acids are defined as those amino acids that are identical in the three repeats. The total number of conserved amino acids (130 for the central region and 126 for the boundary region) do not include methionine and tryptophan. Amino acids that use 2-fold degenerate codons are not shown but are included in the calculation.
